Stringent modulation of immune signaling in plants is necessary to enable a rapid response to pathogen attack without spurious defense activation. To identify genes involved in plant immunity, a forward genetic screen for enhancers of the autoimmune snc1 (suppressor of npr1, constitutive 1) mutant was conducted. The snc1 mutant contains a gain-of-function mutation in a gene encoding a NOD-like receptor (NLR) protein.
INTRODUCTION
The plant immune system is subject to tight regulation, enabling these sessile organisms to ward off infection by most pathogenic microorganisms. Receptors on the cell surface are able to perceive conserved pathogen-associated molecular patterns (PAMPs) (Boller and Felix, 2009; Macho and Zipfel, 2014) . Via complex signaling pathways, this recognition leads to the induction of PAMP-triggered immunity (PTI) (Bigeard et al., 2015) . PTI is mediated by mitogen-activated protein kinase signaling cascades and results in a number of defense outputs, including callose deposition to strengthen the cell wall, production of reactive oxygen species (ROS), and accumulation of the defense hormone salicylic acid (SA) (Hammond-Kosack and Jones, 1996) . However, successful pathogens are able to deliver molecules (termed effectors) into the plant cells to inhibit PTI and promote infection. In turn, higher plants have evolved a suite of intracellular immune receptor proteins that are able to detect effector molecules, either through direct protein-protein interactions or indirectly through the perception of effector activities within the plant cell. These plant proteins are referred to as NLRs due to their resemblance to metazoan nucleotide-binding oligomerization domain (NOD)-containing proteins, which function as PAMP receptors in animals (Maekawa et al., 2011; Nishimura and Dangl, 2014; Li et al., 2015) .
Most plant NLR proteins possess a central nucleotidebinding (NB) domain and a C-terminal leucine rich-repeat (LRR) domain. They can be subdivided into two classes based upon their different N-termini: some possess a Tollinterleukin1 receptor (TIR) domain and are thus termed TNLs, and others have a coiled-coil (CC) domain and are therefore referred to as CNLs. In the absence of pathogen detection, NLR proteins are expressed at low levels and are likely self-inhibited (Takken et al., 2006) . Following effector recognition, they become activated and initiate a downstream signaling cascade that results in effector-triggered immunity (ETI) (Jones and Dangl, 2006) . This type of immunity is typified by a stronger, faster, and more robust induction of the defense outputs that characterize PTI (Cui et al., 2015) . ETI typically also leads to localized cell death referred to as the hypersensitive response (HR). Additionally, immunity mediated by NLR proteins is subject to a positive transcriptional feedback defense amplification, whereby NLR protein activation results in transcriptional reprogramming that subsequently upregulates the expression of a number of defense-related genes, including many that encode NLR proteins themselves (Tsuda and Somssich, 2015) . These processes must be finely controlled, as there is a trade-off between plant growth and activation of plant immunity.
The snc1 autoimmune mutant has been a useful tool in dissecting the regulatory events that govern NLR-mediated immunity. This mutant contains a gain-of-function mutation in the linker region between the NB and LRR domains of the TNL protein SNC1 (Li et al., 2001; Zhang et al., 2003) . Plants with this mutation are dwarf and have a distinct twisted leaf morphological phenotype. A previous screen for suppressors of snc1 identified a number of genes that impact plant immunity (reviewed in Johnson et al., 2012) . Results from the MODIFIERS OF SNC1 (MOS) screen highlighted the importance of modulated transcription, RNA processing, nucleocytoplasmic trafficking, and protein modifications as key regulatory events in immunity.
Based on the success of the MOS screen, a screen for enhancers of snc1 was performed in order to search for genes that negatively impact NLR-mediated immunity. The first MUTANT, SNC1-ENHANCING (MUSE) screen was conducted using seeds from mos4 snc1 (Huang et al., 2013) . MOS4 encodes a nuclear protein which acts as a scaffold within the spliceosome-associated MOS4-associated complex, and mos4 is a loss-of-function deletion allele (Palma et al., 2007) . The mos4 snc1 double mutant is wild-type-like in terms of both morphology and pathogen resistance (Palma et al., 2007) , and this mutant background was utilized to avoid potential lethality resulting from severe dwarfism caused by enhancer mutations. Mutants were screened for a reversion back to snc1-like phenotypes, and 12 mutant lines were selected for further characterization. A number of reports on muse mutants have recently been published. Among the 10 published MUSE proteins, seven have been shown to play essential roles in NLR protein turnover (Huang et al., 2014a (Huang et al., ,b, 2016 Xu et al., 2015; Copeland et al., 2016) . The other three include MUSE4/NRPC7, an RNA polymerase III subunit for which a partial loss-of-function mutation results in pleiotropic defects (Johnson et al., 2016) ; MUSE5/AtPAM16, a component of the protein import motor in the mitochondrial inner membrane that negatively affects ROS production and immunity (Huang et al., 2013) ; and MUSE9/SPLAYED, a SWI/SNF chromatin remodeler that affects SNC1 gene expression (Johnson et al., 2015) .
Together, these reports demonstrate the efficacy of the MUSE screen in identifying new components that are involved in plant immunity. In this study, we report the characterization of muse7, which fully restores snc1-like autoactive resistance signaling in the mos4 snc1 background.
RESULTS
The muse7 mutation re-establishes snc1-like phenotypes in the mos4 snc1 background The muse7 mutant line was isolated from a forward genetic screen designed to identify snc1 enhancers in the mos4 snc1 genetic background (Huang et al., 2013) . Morphologically, muse7 mos4 snc1 plants are similar to snc1 plants in that they are dwarf and have slightly twisted leaves ( Figure 1a ). The triple mutant displays enhanced defense marker PATHOGENESIS-RELATED (PR) gene expression as compared with mos4 snc1 (Figure 1b-d) . Furthermore, the triple mutant exhibits enhanced resistance to the virulent oomycete pathogen Hyaloperonospora arabidopsidis (H.a.) Noco2 as compared with mos4 snc1 (Figure 1e ). Altogether these data show that the muse7 mutation reconstitutes snc1-like morphological and immune phenotypes in the mos4 snc1 background, indicating that muse7 is an enhancer of snc1.
MUSE7 encodes a previously uncharacterized protein conserved amongst eukaryotes
To identify the molecular lesion responsible for the phenotypes associated with muse7, a positional cloning strategy was employed. The muse7 mos4 snc1 triple mutant, which was generated in the Col-0 background, was crossed with wild-type Landsberg erecta (Ler). 24 F2 plants that displayed snc1-enhancing morphology (dwarf size and curly leaves) were selected for linkage analysis. Insertion/deletion DNA markers generated using known polymorphisms between the Col-0 and Ler ecotypes were used to search for genomic regions with linkage to the Col-0 genotype. Crude mapping indicated that the muse7 mutation is located on chromosome 5 between 17.3 and 19.9 Mb (Figure 2a ). Fine mapping using approximately 500 segregating F3 plants narrowed down the muse7 mutation to the region between 18.6 and 18.7 Mb, at which point Illumina whole genome sequencing was performed to identify genes within this region with mutations consistent with ethyl methanesulfonate mutagenesis. The only candidate gene identified was At5g46020, which contains a C to T point mutation resulting in a premature stop codon at Q121 (Figure 2b,c) .
To verify that this mutation in At5g46020 is responsible for the muse7 phenotypes, transgene complementation was performed. A wild-type copy of the gene under the control of its native promoter was transgenically expressed with a C-terminal green fluorescent protein (GFP) tag in the muse7 snc1 mos4 triple mutant, and a reversion back to mos4 snc1-like morphology was observed (Figure 2d ), indicating that MUSE7 is indeed At5g46020. As At5g46020 has not been previously characterized, we have designated this locus as MUSE7 and the mutant allele identified in our screen as muse7-1.
MUSE7 is a single-copy gene in Arabidopsis, and using the USEARCH sequence analysis tool (Edgar, 2010) , its putative orthologs were found to be present in all examined land plants in low copy number (Table S1 ). Taxa were selected to represent the diversity in the kingdom Plantae, with a focus on including model organisms that may have functional characterization data. The protein encoded by MUSE7 possesses a conserved phosphoprotein PP28 domain (Figure S1 ). Using amino acid sequences for BLAST analysis, we found that predicted MUSE7 orthologs exist in all examined plants and animals as well as in many fungi, but not in either Saccharomyces cerevisiae or Schizosaccharomyces pombe. The putative MUSE7 homolog in Rattus norvegicus was previously shown to be phosphorylated by casein kinase II (Shen et al., 1996) . In addition, a large-scale phosphoproteomic analysis performed in Arabidopsis with the aim of discovering targets of SnRK2 (SUCROSE NONFER-MENTING 1-RELATED PROTEIN KINASE 2) that mediate abscisic acid (ABA) signaling identified a number of MUSE7 phosphopeptides (Wang et al., 2013) , the phosphorylated residues of which are indicated in Figure S1 . MUSE7 appears to be a highly conserved protein particularly among multicellular organisms, and likely functions in a conserved biological process. The phosphorylation sites identified for this protein in both R. norvegicus and Arabidopsis indicate that its function is likely modulated via post-translational modification by kinases.
Two independent muse7 single mutant lines exhibit enhanced disease resistance
To further assess the function of MUSE7, muse7-1 and muse7-2 (an exonic T-DNA insertion allele) single mutant alleles were characterized. Apart from the slightly smaller size and rounded-leaf morphology ( Figure 3a ), both mutant lines are developmentally wild-type-like ( Figure S2 ). Upon infection by the virulent bacterial strain Pseudomonas syringae pv. tomato (P.s.t.) DC3000, both muse7 alleles exhibit enhanced resistance compared with wild-type (Figure 3b ), although the resistance displayed by muse7-2 is significantly stronger than that observed for muse7-1. When treated with the virulent oomycete H.a. Noco2 both alleles showed a general trend of enhanced resistance but only muse7-2 was consistently different from wild-type (Figure 3c ). When these two mutant alleles were challenged with the avirulent bacteria P.s.t. DC3000 expressing the effector proteins AvrRpt2, AvrRps4, or AvrRpm1, respectively, no significant difference in resistance compared with wild-type was observed (Figure 3d-f) . The expression of PR1 was not elevated in either of the muse7 mutants as compared with wild-type; however, increased PR2 expression was observed in muse7-1 (Figure 3g) . Altogether, these data indicate that MUSE7 negatively impacts immunity to virulent pathogens, as both muse7 mutants exhibit enhanced immunity.
MUSE7 localizes to both the nucleus and the cytoplasm
Previous large-scale proteomics studies identified MUSE7 as potentially localizing to the cytosol (Ito et al., 2011) and/ Col-0 muse7-1 muse7-2 (a) or the plasma membrane (Keinath et al., 2010) . To obtain information about the potential function of MUSE7, its subcellular localization was examined by stably expressing complementing MUSE7-GFP under control of the native promoter in the muse7 mos4 snc1 triple mutant (Figures 2d  and S3 ). Leaf and root tissues of two independent lines homozygous for a single-copy of the transgene were examined using confocal microscopy. Weak GFP fluorescence was observed in both the nucleus and the cytoplasm of both tissues, possibly resulting from low expression levels of the MUSE7-GFP fusion proteins (Figure 4 ). Although the publically available expression data from the Arabidopsis eFP browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) indicates that MUSE7 is highly expressed in both leaf and root tissues (Winter et al., 2007) , weak GFP fluorescence was observed in both the nucleus and the cytoplasm of both tissues, possibly resulting from low expression levels of the MUSE7-GFP fusion proteins (Figure 4 ).
Mutations in MUSE7 affect NLR accumulation
When muse7 snc1 double mutants were generated to examine the snc1-enhancing effect of muse7 in the absence of mos4, both muse7-1 snc1 and muse7-2 snc1 lines exhibited strikingly severe dwarfism (Figure 5a ). This enhancement of snc1-like phenotypes in the double mutants may be the result of: (i) misregulation at the SNC1 transcriptional level; (ii) misregulation at the SNC1 protein level; or (iii) an unknown negative effect on the downstream signaling pathway. Using quantitative RT-PCR, we found that SNC1 expression is similar in muse7-2 snc1 and snc1 (Figure 5b ), suggesting that MUSE7 does not affect SNC1 at the transcriptional level. Previously, it has been shown that snc1 protein expression is elevated in the snc1 mutant as compared with wild-type (Cheng et al., 2011) . When SNC1 protein levels were assessed using western blotting there was no observable difference between wildtype and muse7-2, but a significant accumulation of the protein was observed in muse7-2 snc1 as compared with snc1 ( Figure 5c -e), indicating that MUSE7 negatively controls SNC1 protein accumulation.
To examine whether mutations in MUSE7 affect the accumulation of other NLR proteins, levels of the CNL proteins RPS2 and RPM1 were examined in the muse7-2 genetic background. There was a significant increase of both RPS2-HA (Figure 5f ,g) and RPM1-MYC (Figure 5h ,i) protein levels associated with the muse7-2 mutation. Together, these data suggest that MUSE7 negatively impacts NLR protein accumulation, as the loss of MUSE7 results in higher accumulation of both the TNL protein SNC1 and the CNL proteins RPS2 and RPM1.
MUSE7 does not appear to interact with other proteins known to affect SNC1 turnover
While the previous results indicate that MUSE7 affects NLR abundance at the protein level, it is unclear whether this occurs at the stage of protein biosynthesis or through protein degradation. Recent reports on other MUSEs have identified a number of proteins that are involved in the turnover of NLR proteins (Huang et al., 2014a (Huang et al., ,b, 2016 Xu et al., 2015; Copeland et al., 2016) , highlighting the importance of this biological process in facilitating immune regulation. Similar to what has been observed for the muse7 single mutants, NLR proteins accumulate in muse10 and muse12 plants, which possess mutations in the genes encoding HSP90.3 and HSP90.2, respectively (Huang et al., 2014b) . NLR proteins also accumulate in the cpr1 mutant, which contains a mutation in a gene encoding an F-box protein which is required for NLR protein turnover (Cheng et al., 2011) . Co-immunoprecipitation experiments were therefore performed in Nicotiana benthamiana to determine if MUSE7 directly associates with proteins known to play a role in NLR degradation (including HSP90. CPR1) or with SNC1 itself, as both HSP90.3 and CPR1 directly associate with SNC1 (Cheng et al., 2011; Huang et al., 2014b) . However, no interactions were detected (Figure 6) . These results are consistent with three possibilities: (i) MUSE7 may interact with untested protein(s) known to affect NLR turnover; (ii) MUSE7 may affect NLR protein levels through a previously uncharacterized degradation event; and/or (iii) MUSE7 may affect protein biosynthesis.
DISCUSSION
In this study, the previously uncharacterized Arabidopsis protein MUSE7 was shown to negatively affect NLR immune receptor accumulation. Although highly conserved, little can be inferred about the molecular function of MUSE7 based on its homologs in other eukaryotes. The results presented in this study provide evidence for the biological function of MUSE7 in plants.
The closest human homolog to MUSE7 is PDAP1 (PLA-TELET-DERIVED GROWTH FACTOR (PDGF)-ASSOCIATED PROTEIN 1), which binds to two different isoforms of PDGF and modulates their mitogenic activities (Fischer and Schubert, 1996) . However, the Arabidopsis genome does not encode any predicted PDGF homologs, thus this function does not seem to be conserved across kingdoms. The (c) Western blot analysis of SNC1 protein levels in total protein extracts from 21-day-old wild-type, snc1, muse7-2, and muse7-2 snc1 soil-grown seedlings. Ponceau S staining was used to monitor equal loading. (d) Image J analysis of SNC1 protein levels in wild-type and muse7-2. Band intensity was measured by ImageJ. Values presented are the average of five biological replicates performed as independent experiments normalized to Ponceau S staining AE SD. (e) Image J analysis of SNC1 protein levels in snc1 and muse7-2 snc1. Band intensity was measured by ImageJ. Values presented are the average of three biological replicates performed as independent experiments normalized to Ponceau S staining AE SD. Significant differences are indicated by asterisks (**P < 0.01).
(f) Western blot analysis of RPS2-HA protein levels in total protein extracts from 21-day-old rps2 RPS2-HA and muse7-2 rps2 RPS2-HA soil-grown seedlings. Ponceau S staining was used to monitor equal loading. (g) Image J analysis of RPS2-HA protein levels in rps2 RPS2-HA and muse7-2 rps2 RPS2-HA. Band intensity was measured by ImageJ. Values presented are the average of four biological replicates performed as independent experiments normalized to Ponceau S staining AE SD. Significant difference is indicated by asterisk (Student's t-test, P < 0.05).
(h) Western blot analysis of RPM1-MYC protein levels in total protein extracts from 21-day-old rpm1 RPM1-MYC and muse7-2 rpm1 RPM1-MYC soil-grown seedlings. Ponceau S staining was used to monitor equal loading.
(i) Image J analysis of RPM1-MYC protein levels in rpm1 RPM1-MYC and muse7-2 rpm1 RPM1-MYC. Band intensity was measured by ImageJ. Values presented are the average of four biological replicates performed as independent experiments normalized to Ponceau S staining AE SD. Significant difference is indicated by asterisk (Student's t-test, P < 0.05). [Colour figure can be viewed at wileyonlinelibrary.com].
Rattus norvegicus homolog of MUSE7 was previously shown to be phosphorylated sequentially by casein kinase II at S62 and S59 (Shen et al., 1996 ; Figure S1 ). Additionally, a quantitative proteomics analysis designed to isolate targets of SnRK2 that may mediate ABA signaling found a number of MUSE7 phosphopeptides (Wang et al., 2013 ; Figure S1 ). This suggests that MUSE7 function may be modulated by phosphorylation via protein kinases. Of note, casein kinase II has been shown to phosphorylate ABA-activated SnRK2s, leading to their degradation (Vilela et al., 2015) . Although it has not yet been shown whether casein kinase II phosphorylates MUSE7 in plants, future studies may explore the possible role of MUSE7 in mediating ABA signaling. MUSE7 was isolated from a screen for enhancers of the autoimmune mutant snc1, suggesting that it negatively affects plant innate immunity (Figure 1) . Consistently, both muse7 single mutant alleles showed enhanced resistance to the virulent pathogen P.s.t. DC3000 (Figure 3) . However, both mutant lines show wild-type-like resistance to P.s.t. DC3000 expressing the effectors AvrRps4, AvrRpt2, or AvrRpm1, respectively. These results indicate that the enhanced resistance to P.s.t. DC3000 in muse7 single mutants is not predominantly mediated by RPS4, RPS2, or RPM1. Although we did observe increased RPS2 and RPM1 levels in muse7-2 plants (Figure 5f ,h), the elevated NLR levels are likely to be still under the threshold to activate defense responses that can be observed in our infection assays.
Although mutations in muse7 result in an enhancement of snc1-like phenotypes in both the snc1 and mos4 snc1 backgrounds (Figures 1 and 5) , muse7 single mutants are wild-type-like in terms of both plant size and resistance to the examined avirulent pathogens. The snc1 mutation results in increased stability of the snc1 protein and an upregulation of snc1 transcription via a positive feedback loop (Cheng et al., 2011) . It is this sensitized background that enabled the identification of the muse7-1 mutant. The dramatic phenotypes observed in muse7 snc1 and muse7-1 snc1 mos4 are likely a result of interplay between the muse7 mutation and the elevated levels of snc1 gene expression and snc1 protein accumulation. The subtle phenotypes associated with the muse7 single mutants suggest that MUSE7 does not play a dramatic general role in immunity. Similar observations were made for several other muse mutants (Johnson et al., 2015 (Johnson et al., , 2016 . The increased level of SNC1 protein in muse7-2 snc1 relative to snc1 did not correlate with elevated SNC1 transcription ( Figure 5 ). Elevated levels of both the TNL protein SNC1 and the CNL proteins RPS2 and RPM1 were associated with mutations in MUSE7 (Figure 5 ), suggesting that MUSE7 affects NLR protein accumulation post-transcriptionally. The accumulation of SNC1 also explains the snc1-enhancing phenotypes associated with muse7.
An accumulation of SNC1 protein was observed in the muse7-2 snc1 background relative to snc1, but not in muse7-2 relative to wild-type. However, it is unlikely that MUSE7 differentially affects the accumulation of mutant snc1 protein vs. wild-type SNC1 protein, particularly because the accumulation patterns of other wild-type NLR proteins (e.g. RPS2 and RPM1) are also affected by mutations in MUSE7. A possible interpretation is that since SNC1 is expressed at low levels in the wild-type background, the potential increase in SNC1 accumulation associated with the muse7-2 mutation is too subtle to be detected via western blot using the anti-SNC1 antibody, which is less sensitive than the anti-HA or anti-MYC antibodies used for detection of RPS2 and RPM1, respectively.
Our data suggest that MUSE7 negatively affects either the synthesis or degradation of NLR proteins. The degradation of NLR proteins via the 26S proteasome is a key step in modulating NLR homeostasis, and recent reports have implicated a number of proteins in this process (Li et al., 2010; Cheng et al., 2011; Huang et al., 2014a Huang et al., ,b, 2016 Xu et al., 2015) . To determine whether MUSE7 is also part of the 26S proteasome-mediated NLR degradation pathway, co-immunoprecipitation assays were performed to investigate whether it associates with known components of this process. No interaction was detected between MUSE7 and CPR1, HSP90.3, or SNC1 itself (Figure 6 ), suggesting that MUSE7 may not affect NLR accumulation through protein ubiquitination and degradation. However, as these are just a few components that function in proteasome-mediated NLR protein degradation, it is possible that MUSE7 may interact with other, untested protein(s) (e.g. SGT1, SRFR1, CUL1, etc.). Additionally, it is possible that we did not detect an interaction as a result of the heterologous (a-c) Co-immunoprecipitation assays were conducted using MUSE7-FLAG and (a) HSP90.3-HA, (b) CPR1-HA, and (c) SNC1-HA. All immunoprecipitations were performed 48 h after co-infiltration in N. benthamiana using anti-FLAG beads. Immunoblotting was performed using antibodies against HA and FLAG, respectively.
expression system that was used for the co-immunoprecipitation assays. Although unlikely, we cannot exclude the possibility that MUSE7 may contribute to the degradation of NLR proteins through a novel, uncharacterized proteasome-independent pathway. In a more likely scenario, MUSE7 may function to suppress NLR protein biosynthesis. In a transcriptional analysis of leaf-expressed genes in Arabidopsis, the expression profile of MUSE7 was found to correlate closely with a number of genes involved in protein biosynthesis (Street et al., 2008) . Notably, human PDAP1 was identified as a candidate RNA-binding protein as part of a large-scale quantitative proteomics analysis (Baltz et al., 2012) . Consistent with its cytoplasmic and nuclear localization (Figure 4) , it is therefore possible that MUSE7 binds to mRNA transcripts and affects translation by the protein biosynthesis machinery. If this holds true, two scenarios for the putative function of MUSE7 are conceivable: (i) MUSE7 binds to transcripts encoding NLRs and represses their ability to be translated; or (ii) MUSE7 binds to alternative transcripts and actively recruits the protein synthesis machinery, such that these other transcripts are preferentially translated over NLR-encoding mRNAs. Further experimentation is required to explore these hypotheses.
Overall, our analyses have identified a role for the previously uncharacterized protein MUSE7 in plant immunity. MUSE7 negatively affects NLR protein levels, either via protein biosynthesis or as part of an uncharacterized degradation event. The work presented here furthers our understanding of NLR homeostasis and may prompt studies in other species, as the MUSE7 homologs across eukaryotes have not been well characterized.
EXPERIMENTAL PROCEDURES Plant growth conditions and mutant isolation
Plants were grown either on soil or on half-strength Murashige and Skoog (MS) medium supplemented with 1% sucrose and 0.3% phytogel. Plants were grown under long day conditions (16 h light/8 h dark) at 22°C in climate-controlled chambers unless short day conditions are indicated, in which case 12 h light/12 h dark settings were used.
Positional cloning
The muse7-1 mos4 snc1 triple mutant, which was generated in the Col-0 background, was crossed with wild-type Landsberg erecta (Ler). Approximately 300 F2 seeds were planted and DNA was extracted from 24 mutant plants displaying the original triple mutant morphology. Insertion/deletion DNA markers were generated using the Monsanto Arabidopsis polymorphisms and Landsberg sequence collections (Jander et al., 2002) obtained from The Arabidopsis Information Resource (TAIR; www.arabidopsis.org). These markers were used to search for genomic regions showing a strong linkage with the Col-0 genotype. Once linkage was established, approximately 500 F3 plants segregating for the muse7-1 mutation but homozygous for mos4 and snc1 were used for fine mapping. After narrowing down the location of the mutation between 18.6 and 18.7 Mb on chromosome 5, genomic DNA was extracted from plants homozygous for Col-0 in the region containing the muse7-1 mutation was analyzed using the Illumina sequencing platform.
Total RNA extraction and analysis
Approximately 0.1 g tissue was collected from 2-week-old seedlings grown on ½MS. Total RNA was extracted using the Totally RNA Kit (Invitrogen, Waltham, MA, USA), and 0.4 lg RNA was reverse transcribed to cDNA using the reverse transcriptase M-MLV (Takara, Kusatsu, Japan). Primers used for amplification of SNC1 and ACTIN7 were previously described (Zhang et al., 2003; Xu et al., 2012) .
Infection assays
Spray inoculation of H.a. Noco2 was performed using a concentration of 10 5 spores per ml of water. Seedlings were grown for 10 days prior to inoculation, and afterwards were grown at 18°C in a growth chamber with~80% humidity and a 12 h light/12 h dark cycle. After 7 days, five plants were shaken in 1 ml of water and a hemocytometer was used to quantify spore growth. Three independent experiments were conducted, and for each experiment five replicates were included. For bacterial infections, a needle-less syringe was used to infiltrate the leaves of 4-week-old soil-grown plants. Bacterial suspensions (OD 600 = 0.001) in 10 mM MgCl 2 were used. Leaf discs of uniform size were harvested from infected leaves at day 0 and day 3 and were ground in 10 mM MgCl 2 (200 ll on day 0; 500 ll on day 3), and serial dilutions were performed and plated on LB medium with streptomycin selection. Colony forming units were quantified after incubating plates at 28°C for 24 h.
Preparation of transgene constructs and plant transformation
The full length At5 g46020 genomic sequence, including 952 bp upstream of the start codon, was amplified via PCR, cloned into the pCambia1305 vector (versions both with and without a C-terminal GFP tag were used), and transformed into muse7-1 mos4 snc1 plants using the floral dip method (Clough and Bent, 1998) . Transgenic plants were selected on ½MS plates containing 50 mg ml À1 hygromycin. For transient protein expression in Nicotiana benthamiana, the coding sequence of MUSE7 was cloned into a modified pCambia1305 vector containing a 35S promoter region and a C-terminal FLAG tag. For transient transformation of 3-week-old N. benthamiana, construct-containing Agrobacterium was cultured overnight at 28°C in liquid LB media containing 50 lg ml À1 kanamycin. The overnight culture was then diluted (1:50) in resuspension media [10.5 g L À1 K 2 HPO 4 , 4.5 g L
À1
KH 2 PO 4 , 0.5 g L À1 sodium citrate, 1.0 g L À1 (NH 4 ) 2 SO 4 , 0.2% glucose, 0.5% glycerol, 1 mM MgSO 4 , 50 lM acetosyringone and 10 mM N-morpholino-ethanesulfonic acid (MES) pH 5.6], and incubated at 28°C for another 5-6 h. The bacteria were then pelleted by centrifugation at 8 960 g for 10 min and resuspended in MS buffer (4.4 g L À1 MS, 10 mM MES, 150 lM acetosyringone). For infiltration, each bacterial strain was diluted as follows: 35S:: HSP90.3-HA (OD 600 = 0.4), MUSE13::MUSE13-GFP (OD 600 = 0.4), 35S::SNC1-HA (OD 600 = 0.2), 35S::MUSE7-FLAG (OD 600 = 0.3), and 35S::CPR1-FLAG (OD 600 = 0.3). SP5 confocal microscope (Leica GmbH, Wetzlar, Germany) at 488 nm excitation for GFP (500-540 nm emission, HyD3 detector) and chlorophyll (680-720 nm emission) and at 561 nm excitation for detection of propidium iodide (600-640 nm emission). Images were acquired with the Leica LAS AF software (v.2.6.7266.0).
Protein extraction and co-immunoprecipitation
For extracting total protein from Arabidopsis plants, the protocol by Tsugama et al. (2011) was employed. Briefly, 50 mg of aerial tissue was harvested from 3-week-old soil-grown plants. Tissue was then boiled in SDS buffer [0.1 M EDTA, pH 8.0; 0.12 M TrisHCl, pH 6.8; 4% w/v SDS; 10% v/v b-mercaptoethanol; 5% v/v glycerol; 0.005% w/v bromophenol blue] for 10 min before separating samples on SDS-PAGE gels. A SNC1-specific peptide (KAKSE-DEKQS) was used to generate an anti-SNC1 antibody (Li et al., 2010) .
Co-immunoprecipitation of proteins transiently expressed in N. benthamiana was performed at 4°C. Approximately 1.5 g of leaf tissue was used for both the control (leaves only transformed with the prey) and the sample (leaves transformed with both bait and prey), respectively. Tissue was ground into fine power using liquid nitrogen and a pre-chilled mortar and pestle, and 2.5 w/v extraction buffer [50 mM Tris-HCl pH 7.5; 150 mM NaCl; 10 mM EDTA; 1 mM EGTA; 0.15% Nonidet P-40 substitute; 10% glycerol; 1 mM DTT; 2 mM NaF; 1 mM Na 2 MoO 4 ·2H 2 O; 2% w/v polyvinylpolypyrrolidone; 1 mM PMSF; 1 9 protease inhibitor cocktail] was added to each sample. Samples were centrifuged (21 952 g, 10 min) and the supernatant was collected. Proteins were immunoprecipitated using 30 ll anti-FLAG M2 beads (Sigma, St. Louis, MO, USA; Cat. #A2220); samples were incubated for 3 h at 4°C. Beads were then washed three times using wash buffer [50 mM Tris-HCl pH 7.5; 150 mM NaCl; 10 mM EDTA; 1 mM EGTA; 0.15% Nonidet P-40 substitute; 10% glycerol; 1 mM DTT; 2 mM NaF; 1 mM Na 2 MoO 4 ·2H 2 O; 1 mM PMSF; 19 protease inhibitor cocktail]. Beads were next incubated with 3xFLAG peptide for 1 h at 4°C, then centrifuged (1 792 g, 2 min). The eluted supernatant was combined with 29 SDS loading buffer, and samples were incubated at 95°C for 10 min before separation on 10% SDS-PAGE gels.
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